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We extend the study of nuclear dependence of the transverse momentum dependent parton distribution func-
tions and azimuthal asymmetries to semi-inclusive deep inelastic scattering (SIDIS) off polarized nuclear targets.
We show that azimuthal asymmetries are suppressed for SIDIS off a polarized nuclear target relative to that off
a polarized nucleon due to multiple scattering inside the nucleus. Using the value of transport parameter inside
large nuclei extracted from jet quenching analyses in SIDIS off nuclear targets, we also present a numerical
estimate of the nuclear suppression of the azimuthal asymmetry that might be useful to guide the future experi-
mental studies of SIDIS off polarized nuclear targets.
Introduction. Azimuthal asymmetries in semi-inclusive
deep-inelastic lepton-nucleon scattering (SIDIS) are sensitive
probes of the transverse momentum dependent (TMD) par-
ton distributions and/or correlation functions in a nucleon. In
SIDIS off nuclear targets, multiple parton scattering off dif-
ferent nucleons inside the nucleus can lead to many interest-
ing phenomena such as suppression of leading hadrons [1, 2],
transverse momentum broadening [3, 4] and nuclear modifi-
cation of the azimuthal asymmetries [5, 6]. In a recent pub-
lication [6], we calculated azimuthal asymmetries in semi-
inclusive DIS process e− + N or A → e− + q + X for both
polarized and unpolarized targets which could be a nucleon or
nucleus. We also studied the nuclear dependence of the TMD
parton distributions and correlation functions and azimuthal
asymmetries in reactions with unpolarized target nuclei. Since
future experiments at the Jefferson Laboratory for SIDIS with
polarized nuclear targets are becoming possible [7], it is of
great interest to extend our previous study and provide some
numerical estimates of the predicted nuclear suppression of
the azimuthal asymmetry for polarized nuclear targets. In this
Brief Report we provide an addendum to [6] and extend the
study of the nuclear dependence to reactions with polarized
targets. We also present numerical estimates of the nuclear
dependence of the azimuthal asymmetry.
Cross sections and azimuthal asymmetries. In the semi-
inclusive process e−(l, sl)+N(p, s) → e−(l′)+q(k′)+X, where
variables in the brackets denote the momenta and polariza-
tions, the cross section and the azimuthal asymmetries can be
obtained as functions of the TMD parton distributions and/or
correlation functions [6, 8],
dσ
dxBdyd2k⊥
=
2πα2eme2q
Q2y
(
WUU + λlWLU + s⊥WUT
+ λWUL + λlλWLL + λls⊥WLT
)
, (1)
where Wsl s’s represent contributions in the different polariza-
tion cases and are given by,
WUU =A(y) f1 − 2xB|
~k⊥|
Q B(y) f
⊥ cos φ, (2)
WUT =
|~k⊥|
M
A(y) f⊥1T sin (φ − φs)
− 2xBMQ B(y)
[
fT sinφs − k
2
⊥
2M2
f⊥T sin(2φ − φs)
]
, (3)
WUL = −
2xB|~k⊥|
Q B(y) f
⊥
L sin φ, (4)
WLU = −
2xB|~k⊥|
Q D(y)g
⊥ sinφ, (5)
WLL =C(y)g1L − 2xB|
~k⊥|
Q D(y)g
⊥
L cosφ, (6)
WLT =
|~k⊥|
M
C(y)g⊥1T cos (φ − φs)
−2xBMQ D(y)
[
gT cos φs −
k2⊥
2M2
g⊥T cos (2φ − φs)
]
. (7)
where
A(y) = 1 + (1 − y)2, B(y) = 2(2 − y)
√
1 − y, (8)
C(y) = y(2 − y), D(y) = 2y
√
1 − y, (9)
cosφ = ~l⊥ · ~k⊥/|~l⊥||~k⊥|, sin φ = (~l⊥ × ~k⊥) · ~ez/|~l⊥||~k⊥|, cosφs =
~l⊥ · ~s⊥/|~l⊥||~s⊥|, sin φs = (~l⊥ × ~s⊥) · ~ez/|~l⊥||~s⊥|; y = p·q/p·l, and
xB is Bjorken-x as fraction momentum carried by the struck
quark.
The TMD parton distributions and/or correlation functions
are defined via the decomposition of the correlation matrix el-
ement that is given by,
ˆΦ(0)N(x, k⊥) =
∫
p+dy−d2y⊥
(2π)3 e
ixp+y−−i~k⊥·~y⊥〈N| ¯ψ(0)L(0; y)ψ(y)|N〉
=
(
Φ(0)α γ
α − ˜Φ(0)α γ5γα
)
/2 + . . . , (10)
where Φ(0)α and ˜Φ(0)α are decomposed as,
Φ(0)α =
(
f1 − εks⊥ f⊥1T
)
pα + f⊥k⊥α − fT Mε⊥αi si⊥
− f
⊥
T
M
(
k⊥αk⊥β −
1
2
k2⊥dαβ
)
ε
βi
⊥ s⊥i − λ f⊥L ε⊥αiki⊥ + ... , (11)
2˜Φ(0)α = −
(
λg1L −
k⊥ · s⊥
M
g⊥1T
)
pα + g⊥ε⊥αiki⊥ − gT Ms⊥α
+
g⊥T
M
(
k⊥αk⊥β −
1
2
k2⊥dαβ
)
s
β
⊥ − λg⊥L k⊥α + ... (12)
There are two leading twist azimuthal asymmetries,
〈sin(φ − φs)〉UT = s⊥ |
~k⊥|
2M
f⊥1T (x, k⊥)
f1(x, k⊥) , (13)
〈cos(φ − φs)〉LT = λl s⊥ |
~k⊥|
2M
C(y)
A(y)
g⊥1T (x, k⊥)
f1(x, k⊥) . (14)
For 〈cosφ〉, we have,
〈cos φ〉UU = −
|~k⊥|
Q
B(y)
A(y)
xB f⊥(xB, k⊥)
f1(xB, k⊥) , (15)
〈cos φ〉LL = −
|~k⊥|
Q
× B(y)xB f
⊥(xB, k⊥) + λlλD(y)xBg⊥L (xB, k⊥)
A(y) f1(xB, k⊥) + λlλC(y)g1L(xB, k⊥) , (16)
〈cos φ〉LT =
|~k⊥|
2M
×
λls⊥C(y)g⊥1T (xB, k⊥) cosφs − 2MQ B(y)xB f⊥(xB, k⊥)
A(y) f1(xB, k⊥) − λls⊥ 2MQ xBgT (xB, k⊥) cosφs
. (17)
There are also twist-3 asymmetries 〈sin φ〉 for the LU and UL
case given by,
〈sin φ〉LU = −λl
|~k⊥|
Q
D(y)
A(y)
xBg⊥(xB, k⊥)
f1(xB, k⊥) , (18)
〈sin φ〉UL = −λ
|~k⊥|
Q
B(y)
A(y)
xB f⊥L (xB, k⊥)
f1(xB, k⊥) . (19)
If we integrate over φ, we obtain two transverse spin asymme-
tries at the twist-3 level,
〈sin φs〉UT = −s⊥
M
Q
B(y)
A(y)
xB fT (xB, k⊥)
f1(xB, k⊥) , (20)
〈cosφs〉LT = −λls⊥
M
Q
D(y)
A(y)
xBgT (xB, k⊥)
f1(xB, k⊥) . (21)
If we integrate over |~k⊥|, we obtain, e.g.,
〈〈sin φ〉〉LU = −λl
B(y)
A(y)
2π
Q
∫
~k2⊥d|~k⊥|xBg⊥(xB, k⊥)
f1(xB) . (22)
These asymmetries all depend on the TMD parton distribu-
tion and correlation functions and apply to both nucleon and
nuclear targets.
Nuclear dependence. In SIDIS, the TMD quark distribu-
tion contains information of the interaction between the struck
quark and the remnant of the target. In a nucleus target, such
interaction can occur between the struck quark and multiple
nucleons inside the nucleus. Such multiple interaction will
lead to nuclear broadening of the TMD quark distribution. Un-
der the “maximal two-gluon” or random-walk approximation,
the TMD quark distribution ΦAα(x, k⊥) in nucleus,
ΦAα(x, k⊥) ≡
∫
p+dy−d2y⊥
(2π)3 e
ixp+y−−i~k⊥·~y⊥
× 〈A | ¯ψ(0)ΓαL(0; y)ψ(y) | A〉, (23)
can be given by a convolution of the corresponding TMD
quark distribution ΦNα (x, k⊥) in a nucleon and a Gaussian
broadening [9],
ΦAα(x, k⊥) ≈
A
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2FΦNα (x, ℓ⊥), (24)
where Γα is any gamma matrix. The broadening width
∆2F , representing the total transverse momentum broadening
squared, is given by,
∆2F =
∫
dξ−N qˆF(ξ−N), (25)
where the quark transport parameter,
qˆF(ξN) = 2π
2αs
Nc
ρAN(ξN)[x f Ng (x)]x=0, (26)
is the effective transverse momentum broadening squared per
unit distance for a fundamental quark which is proportional to
the nucleon number density ρAN(ξN) and the gluon distribution
f Ng (x) per nucleon.
The above relationship between the TMD quark distribu-
tions inside a nucleus and nucleon applies to both polarized
and unpolarized targets. One can derive in particular [5, 6],
f A1 (x, k⊥) ≈
A
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F f N1 (x, ℓ⊥), (27)
k2⊥ f⊥A(x, k⊥) ≈
A
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F (k⊥ · ℓ⊥) f⊥N(x, ℓ⊥),
k2⊥g⊥A(x, k⊥) ≈
A
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F (k⊥ · ℓ⊥)g⊥N(x, ℓ⊥).
To numerically estimate effects of the nuclear dependence
of the TMD quark distribution, we take a Gaussian ansatz [5,
6] for TMD quark distributions in a nucleon,
f N1 (x, ℓ⊥) =
1
πα
f N1 (x)e−~ℓ
2
⊥/α, (28)
f⊥N (x, ℓ⊥) = 1
πβ
f⊥N(x)e−~ℓ2⊥/β, (29)
g⊥N(x, ℓ⊥) = 1
πγ
g⊥N(x)e−~ℓ2⊥/γ. (30)
One can obtain the TMD quark distributions in a nucleus,
f A1 (x, k⊥) ≈
A
παA
f N1 (x)e−~k
2
⊥/αA , (31)
f⊥A(x, k⊥) ≈ A
πβA
β
βA
f⊥N (x)e−~k2⊥/βA , (32)
g⊥A(x, k⊥) ≈ A
πγA
γ
γA
g⊥N(x)e−~k2⊥/γA , (33)
3where αA = α+∆2F , βA = β+ ∆2F , γA = γ +∆2F . We see that
they all have a k⊥-broadening with the same width ∆2F . We
also note that the twist-3 quark correlation functions f⊥(x, k⊥)
and g⊥(x, k⊥) have an extra suppression factor β/βA or γ/γA.
The above approximation of TMD parton distributions and
nuclear broadening can also be extended to SIDIS off polar-
ized targets. Here, we consider a nucleus with atomic num-
ber A and spin JA and study the A-dependence of the spin re-
lated TMD parton distributions and correlation functions. As
a rough approximation, we assume that each nucleon has an
equal polarization JA/A inside a nucleus. In this case, the
TMD quark distribution functions for a longitudinally polar-
ized nucleus can be written similarly as,
gA1L(x, k⊥) ≈
2JA
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F gN1L(x, ℓ⊥), (34)
k2⊥ f⊥AL (x, k⊥) ≈
2JA
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F (k⊥ · ℓ⊥) f⊥NL (x, ℓ⊥),
k2⊥g⊥AL (x, k⊥) ≈
2JA
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F (k⊥ · ℓ⊥)g⊥NL (x, ℓ⊥).
These results are very similar as those for the unpolarized
TMD distribution functions. The only difference is that the
overall multiplicative factor A is now replaced by 2JA. If we
take the Gaussian ansatz for the TMD quark distribution func-
tions with parameters αL, βL, and γL for the longitudinally a
polarized nucleon, we obtain,
gA1L(x, k⊥) ≈
2JA
παLA
gN1L(x)e−
~k2⊥/αLA , (35)
f⊥AL (x, k⊥) ≈
2JA
πβLA
βL
βLA
f⊥NL (x)e−~k
2
⊥/β
L
A , (36)
g⊥AL (x, k⊥) ≈
2JA
πγLA
γL
γLA
g⊥NL (x)e−
~k2⊥/γLA . (37)
Similarly, in the transversely polarized case, we obtain,
εks⊥ f⊥A1T (x, k⊥) ≈
2JA
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F
× εℓs⊥ f⊥N1T (x, ℓ⊥), (38)
(k⊥ · s⊥)g⊥A1T (x, k⊥) ≈
2JA
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F
× (ℓ⊥ · s⊥)g⊥N1T (x, ℓ⊥), (39)
εks⊥ (k⊥ · s⊥) f AT (x, k⊥) ≈
2JA
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F
×
{
εks⊥ (k⊥ · s⊥) f NT (x, ℓ⊥) −
[
(k⊥ · s⊥)(k⊥ · ℓ⊥)εℓs⊥
− (k⊥ · s⊥)εks⊥
ℓ2⊥
2
− (ℓ⊥ · s⊥)εℓs⊥
k2⊥
2
] f⊥NT (x, ℓ⊥)
M2
}
, (40)
εks⊥ (k⊥ · s⊥)gAT (x, k⊥) ≈
2JA
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F
×
{
εks⊥ (k⊥ · s⊥)gNT (x, ℓ⊥) +
[
εks⊥ (k⊥ · ℓ⊥)(ℓ⊥ · s⊥)
− (k⊥ · s⊥)εks⊥
ℓ2⊥
2
− (ℓ⊥ · s⊥)εℓs⊥
k2⊥
2
]g⊥NT (x, ℓ⊥)
M2
}
, (41)
εks⊥ (k⊥ · s⊥) f⊥AT (x, k⊥) ≈
2JA
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F
× εℓs⊥ (ℓ⊥ · s⊥) f⊥NT (x, ℓ⊥), (42)
εks⊥ (k⊥ · s⊥)g⊥AT (x, k⊥) ≈
2JA
π∆2F
∫
d2ℓ⊥e−(
~k⊥−~ℓ⊥)2/∆2F
× εℓs⊥ (ℓ⊥ · s⊥)g⊥NT (x, ℓ⊥). (43)
Taking the Gaussian ansatz, we obtain,
f⊥A1T (x, k⊥) ≈
2JA
παTA
αT
αTA
f⊥N1T (x)e−~k
2
⊥/α
T
A , (44)
g⊥A1T (x, k⊥) ≈
2JA
πα˜TA
α˜T
α˜TA
g⊥N1T (x)e−
~k2⊥/α˜TA , (45)
f AT (x, k⊥) ≈
2JA
πβTA
f NT (x)e−~k
2
⊥/β
T
A , (46)
gAT (x, k⊥) ≈
2JA
π ˜βTA
gNT (x)e−
~k2⊥/ ˜βTA , (47)
f⊥AT (x, k⊥) ≈
2JA
πγTA
(
γT
γTA
)2
f⊥NT (x)e−~k
2
⊥/γ
T
A , (48)
g⊥AT (x, k⊥) ≈
2JA
πγ˜TA
(
γ˜T
γ˜TA
)2
g⊥NT (x)e−
~k2⊥/γ˜TA , (49)
where the superscript T for α, β and γ denotes transversely
polarized nucleon and all the widths α, β and γ for the nu-
cleus are equal to the corresponding ones for the nucleon plus
the broadening width ∆2F . We note that there are extra sup-
pression factors such as αT/αTA . Generally we can observed
that the power of the extra suppression factor concide with the
power of k⊥ in the tensor decomposition formulae Eq.(11)(12).
Using these results for TMD parton correlations, we obtain
the nuclear dependences of azimuthal asymmetries. For reac-
tions with unpolarized targets, up to twist-3, we have [6],
〈cosφ〉eAUU
〈cosφ〉eNUU
≈αA
α
( β
βA
)2
e
(
1
αA
− 1
α
− 1
βA
+ 1
β
)
~k2⊥ , (50)
〈sin φ〉eALU
〈sin φ〉eNLU
≈αA
α
( γ
γA
)2
e
(
1
αA
− 1
α
− 1
γA
+ 1
γ
)
~k2⊥ . (51)
If α = β = γ, they reduce to the k⊥-independent results,
〈cosφ〉eAUU
〈cosφ〉eNUU
≈ 〈sin φ〉
eA
LU
〈sin φ〉eNLU
≈ α
α + ∆2F
. (52)
After integrating over |~k⊥|, we have,
〈〈cosφ〉〉eAUU
〈〈cosφ〉〉eNUU
≈ 〈〈sin φ〉〉
eA
LU
〈〈sin φ〉〉eNLU
≈
√
α
α + ∆2F
. (53)
For reactions with polarized targets, the two leading twist
azimuthal asymmetries in Eqs. (13) and (14) are given by,
〈sin(φ − φs)〉eAUT
〈sin(φ − φs)〉eNUT
≈ 2JA
A
αA
α
(αT
αTA
)2
e
(
1
αA
− 1
α
− 1
αTA
+ 1
αT
)
~k2⊥
, (54)
〈cos(φ − φs)〉eAUT
〈cos(φ − φs)〉eNUT
≈ 2JA
A
αA
α
( α˜T
α˜TA
)2
e
(
1
αA
− 1
α
− 1
α˜TA
+ 1
α˜T
)
~k2⊥
. (55)
4For the twist-3 azimuthal asymmetries, we obtain,
〈sin φ〉eAUL
〈sin φ〉eNUL
≈ 2JA
A
αA
α
(βL
βLA
)2
e
(
1
αA
− 1
α
− 1
βLA
+ 1
βL
)
~k2⊥
, (56)
〈sin φs〉eAUT
〈sin φs〉eNUT
≈ 2JA
A
αA
α
(βT
βTA
)
e
(
1
αA
− 1
α
− 1
βTA
+ 1
βT
)
~k2⊥
, (57)
〈cos φs〉eALT
〈cos φs〉eNLT
≈ 2JA
A
αA
α
( ˜βT
˜βTA
)
e
(
1
αA
− 1
α
− 1
˜βTA
+ 1
˜βT
)
~k2⊥
. (58)
If all the widths for the transverse momentum dependence
are taken as the same, these ratios become equal and k⊥-
independent,
〈sin(φ − φs)〉eAUT
〈sin(φ − φs)〉eNUT
=
〈cos(φ − φs)〉eAUT
〈cos(φ − φs)〉eNUT
=
〈sin φ〉eAUL
〈sin φ〉eNUL
≈ 2JA
A
α
αA
,
(59)
〈sin φs〉eAUT
〈sin φs〉eNUT
=
〈cosφs〉eALT
〈cosφs〉eNLT
≈ 2JA
A
. (60)
We see that the asymmetries in the case with a polarized nu-
cleus target are in general much more suppressed by the dilu-
tion factor 2JA/A.
The situations for 〈cos φs〉LL and 〈cos φs〉LT are more com-
plicated because of the competition between the two terms in
the numerators and the denominators. No such simple results
can be obtained.
Numerical estimates. As discussed in earlier, if the widths
of the nucleon TMD parton distributions are taken as the same,
i.e. α = β = γ and they are the same for longitudinally or
transversely polarized nucleon, all the asymmetries in the un-
polarized case are suppressed by a factor α/(α+∆2F ) and those
in reactions with polarized targets are further suppressed by
the dilution factor 2JA/A. We see that the most important fac-
tor describing the nuclear dependence is α/(α + ∆2F ) that we
denote by a suppression factor fs in the following.
The suppression factor fs is determined by two parameters.
The constant α is the width of the Gaussian ansatz for the
quark’s transverse momentum distribution in a nucleon. Ap-
proximately, it is taken as α = 0.2 ∼ 0.3 GeV2 (see e.g [10]).
The other parameter is the nuclear broadening width ∆2F
given by Eq. (25). We assume a hard-sphere nuclear distribu-
tion for ρAN(ξN , b) with a normalization
∫
dξNd2bρAN(ξNb) = A.
The quark transport parameter is proportional to the nuclear
density
qˆF(ξ, b) = qˆ0ρAN(ξ, b)/ρAN(0, 0), (61)
where qˆ0 is the quark transport parameter at the center of a
nucleus. Since the probability of γ∗N interaction inside a nu-
cleus is assumed to be proportional to ρAN(ξ, b), the averaged
transverse momentum broadening in DIS is then
∆2F =
1
A
∫ ∞
−∞
dξNd2b
∫ ∞
ξN
dξqˆF (ξ, b)ρAN(ξN , b)
= 3
√
2qˆ0r0A1/3/4, (62)
where RA = r0A1/3 is the nuclear radius with r0 ≈ 1.12 fm and
the
√
2 comes from the ξ− → ξz transformation. The nuclear
suppression factor for the azimuthal asymmetry is then.
fs ≈ (1 + 3
√
2qˆr0A1/3/4α)−1. (63)
From analyses of jet suppression of leading hadrons in SIDIS
of large nuclei due to multiple scattering, the quark transport
parameter at the center of a large nucleus has been determined
to be qˆ0 ≈ 0.024 ± 0.008 GeV2/fm [11, 12]. Assuming α =
0.25 GeV2, we have
fs ≈ (1 + 0.114A1/3)−1. (64)
In Fig. 1, we plot fs as a function of A. Recent measurements
on transverse momentum broadening in SIDIS have been car-
ried out by HERMES[13, 14]. The transverse momentum of
the final hadron can be related to that of the final parton ap-
proximately, ph⊥ ≈ zk⊥ + p f⊥, where p f⊥ is the transvsre
momentum of hadron obtained in the fragmentation. By ne-
glecting the nuclear modifications on the z-dependence and
the p f⊥ part, we obtain a simple rough estimation of ∆〈p2h⊥〉
as ∆〈p2h⊥〉 ≈ z2∆2F . We compare this rough estimation with
data[13, 14] in Fig. 1 and we see that the qualitative tendency
is reproduced.[15]
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FIG. 1: The nuclear suppression factor for azimuthal asymmetry fs
as a function of A (lower part) and a comparison the transverse mo-
mentum broadening with data[13, 14] (upper part).
Summary. In summary, we have extended the study of nu-
clear dependence of azimuthal asymmetries in [6] to SIDIS off
polarized targets. The results show a further suppression factor
2JA/A as compared to the unpolarized SIDIS. We also present
a simple numerical estimate of the broadening width ∆2F and
the nuclear suppression factor for azimuthal asymmetries that
might be helpful in guiding future experiments.
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